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. Ignition delay determination8 of eeveral fuels with n i t r i c  acid 
a idan t s  were made a t  shnulated  altitude  oonditions  utilizing  a small- 
scale  rocket engine af approximately 50 poundfs thrust. 

With aniline and red fuming n i t r i c  mid a t  roan tenperaturw, 
ignition d e w s  obtained a t   i n i t i a l  ambient pressures corresponding t o  
altitude8 t o  88,000 feet  w e r e  not si@f'icantly  different frm values - 
obtained a t  sea-level pressure. 

At or below -loo F, explosions 'or  long ignition delays were  expe- 
rienced w i t h  hydrazine  hydrate and white fuming nitric  acid.  

Several  fuels and various  nitric  acid  oxidante were tes ted  a t  about 
-40° F and sea-level preaeme. Anhydrous nitric  acid always yielded a 
shorter delay than white fuming n i t r i c  acid @en tested w i t h  the s m e  
fuel.  The c d i n a t i o n  that ignited most rapidly was a  diallylanfline - 
triethylamine  mlxture and ashydrous nitrio  acid,  which yielded an average 
ignltion delay o f ,  about 14 millieeconds . 

With a diallylaniline - triethylamine mkcture and. wbite fuming n i t r i c  
acid,  ignitions with ayerage delays ranging frm 9 mfl l isecode  a t  110' F 
to 22 milliseconds at -506 F were obtained regardless of the i n i t i a l  
ambient preseure that  ranged from sea-level pressure t o  a pressure alti- 
tude of 88,000 fee t .  An emloaion occurred after  Ignit ion i n  several 
08888. . .  

With a  diallylaniline - triethylamine mixture and a red flnning 
ni t r ic   acid analyzing 3.5 percent water and 16 percent NO2 by w e i g h t ,  
ignitions with -no eneuing explosions were obtained with average delays 
ranging frm 13 milliseconds a t  ll@ F t o  55 milliseconds a t  -95' F 
r e g d l e s e  of the i n i t i a l   d i e n t  preasure that ranged from sea-level 
pressure.to  a  pressure  altitude of 94,000 feet .  
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man a11 the rune, it was determined that ignition delay w m  
unaffected by wide variatione in tlme between propellant entries into 
the cmbustion chamber. 

It was also determined that, w i t h  aniline and red fuming nitric 
acids with essentitilly  equal  water  contents, a variation in the NO2 
content of the  acid from 29 t o  35 percent had no significant effect on 
ignition delay. W i t h  other  fuels and nitric  acids,  a decrease i n  the NO2 
content frcrm 2.5 t o  0.5 percent -accompanied by a shultaneous incream 
in the  water  content from 0.2 t o  1.8 percent increased the igait ion delay. 
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The problem  of s tar t ing rocket engines at conditions of various , -  

alt i tudes up t o  100,000 f e e t  has been receiving coneiderable  attention 
recently  became of its -ortame in  the develolpnent of air-to-alr  
missiles, air-to-surface miesiles, and rocket-propelled  airplanes that 

, require  starting at low pressm*s and temperatwee. Many aelf-igniting 
liquid rock& prQpellant oambinatfona that perf'om sa th fac to r i lg  at 
tamperate sea level w i l l  not ignite at the low temperatures of higher 
alt i tudes ar of arctic  regions prFmarily became of decreaaed initl.81 
chemical reaction  rates.  &e-impingement vaporization of a propellant 
at low pressures a l so  may cause igdtian d i f f  Icult ies : 
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Eran  resul ts  obtained w i t h  a capillary twin-jet apparatus, it wae - 
concluded that ignition delay i n  an actual  rocket will lncreaee  with a 
decrease i n   i n i t i a l   d i e n t  pressure and that sufficient amounts of 
propellants may accumulate .b the  cq&ustion-@mrtbG prior-to ignition- 
t o  cause  an exploaion (reference 1) . Similar conclusions were reached 
as a resul t  of visual  injection experiments a t  low pressures  (refer- 
ence 2 ) .  Studies of ignition a t  low temperatures by several  investi- 
gators have been  corroborative on the  general  observation of Fncreased 
ignition delay with decrease i n  tanperatme  (for example, references 3 
t o  6 ) .  Such stuaies have been considerably more extensive  than contem- 
porary  research a t  low pressures. 
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As part of a general investigation of the iepi t ion  character i~t ice  
of self-igniting  rocket  propellant  combhatiom conducted at the MACA ~ 

Levis laboratoq (references 6 t o  8), determinatione of ignition delays 
of several f u e h  with  ni t r ic  acid oxidanh were d e  at B Fmuhted altl- 
tude  conditione utilizing a mall-scale  rocket engine of approximately 
50 pound8 thrust. This phase af the research, conducted fram April 
1950 t o  June 1951, was f irst directed toward determining the effects of" 
various subatmospheric pressures on-the i m t i o n  delay of the rn 

aniline - red fuming ni t r ic   acid combination while, a t  the same time, 
detemnining the re l iab i l i ty  of the apparatus as an ignition delay 
memuring device. Another portion of the  ignition work reparted  herein 
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Y was the  establishment of a temperature - ignition s l a y  relation for  the 
hydrazine m a t e  - white fuming n i t r i c  &id cmbination  currently pro- 
posed for the  start ing system of a rocket engin6 now in   the  developent  
stage (reference 9) .  Since minbum equi-nt design  tanperatme f o r  
a i rcraf t  a t  45,000 feet  altitude  with  indicated a i r  speed of 150 miles 
per hour b appraximEbtely -950 F (reference lo), and since a contemplated 
specification for thb engine aa well as others under development may be 
repeated EuccesSfliL starb at  these  conditions,  other fuels and modifid 

w 
W 

co n i t r i c  aoida were investigated in at tenpts   to  meet these requiremente. 
+ The results of these experiments and a few related  tests a r e  described 

herein. 

General  Description 

The apparatus  comisted of a small transparent-chamber  rocket engine 
of approximately 50 pounds Umust, propellant tanhe, a gas pressure- 
supply reserpoir, a photographic system for ignition-delay meaBurement, 
m e a m  for obtaining and controlling  propellant tempratme and i n l t i a l  
ambient preseure, and Instrumentation for  indicating and recording 

a diagramnatic sketch of the  apparatm. A photograph of the over-all 
equipment is shown i n  f igure 2.  

"I combwtion-chaniber pressure asd other  operating  variables. Hgure 1 is 

i 

PressurLzed helium  contained in  a 2100-cubic-inch reservoir B e r v e d  
t o  force the propellasts frcm t he i r  tanks through injector nozzles and 
i n to  t&e combustion chemiber when a quick-opening Bolenoid valve waa 
opened. Sea l ing  disks at each emi of the propellant tanks were burst 
in the process. Photographs were taken of the two propellant  stream 
entering  the  canbustian chamber, Impinging, diffusing, and then igniting. 
Measurements of the ignition  delay  period were made frm the photographic 
data. 

Rocket Engine Design 

The rocket engine ammbly consisted of an injector head, injector 
nozzles, a transparent oyl tndrical  ccmbustion chamber, a p l a t e  with a 
convergent  e&aust-nozzle, and propellast t-. Figure 3 is an aaeembly 
photograph. Figure 4 s h m  " an exploded view. 

The injector head aseembly l e  sham i n  f igme 5. The head was  
dr i l led and tapped to  receive two propellant  injector fittings a t  an 
included angle of 90°. A ccmibuetlm-chamber pressure tap wa8 located 

and We 0.064-inch-nozzlediameter  oxidant injector were located so  %ha-?, 
b i n  the center Ccp the head. The 0.041-inch-nozzle-diameter fuel injector 



the  ejected streamer would travel 0.68 inch before impin@;ing. Each 
injector had a conic.al  entrancb leading t a  a straight 0.38-inch-long 
or i f ice  tube w i t h  a chamfered exit. Polymeric methylmetbcrylate . 1 .  . " .. 

combustion  chamber. .": I : 

. . *. -- 
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tubing, 4 inches long and 2 inches  ,inside  .diameter, was used for the . . .  
.. . .  . . -  

" 

The prOpellmt  tank ass~rmbly included  a burst diaphraw at  each e d .  
ICardened stainless  steel  cutting  dies were wed in  conjunction  with 
-cored 0.003-inch-thick aluminum (25-0)  zliaphragms . The dies were  
designed t o  cut  the disks -without  fragmentation and with an applied  pres- m 
sure of less than 100 pounds  pe? square inch. A n  unwed diflk, a cutting 

dr 
- m  

die, and a burst  dlsk axe shown in f i-e 6. The fuel and oxidant tanlrs 
-cu 

had capacitieEi of approxlmately 100 and 200 cubic centimeters, respec- 
t ively . The cmponente aP t h i B  a8sambly are shown in figure 4.  

. . I ..~~". 

. .  . 

The rocket engine was designed t o  operate- for three.  seconds at 
50 pound8 thruert w i t h  a typical  propellant combipation (aniline and red 
fuming n i t r i c  acid) at sea-level  tauperatures and pressure. ~ e e i g n  
pmemsters  included a specific bqnfLse of 180 pound-eeconds per pound., 
a t o t a l  oxidant-to-fuel weight ra t io  of' 3, a r a t i o  of chamber volume to 
throat  area (L*) of 98 inches , and a diFPerence of' 100 pounde per 
square inch between the injection and cordbwtion-chamber preesures. The 
calculated  total weight fluw was 0.28 pound per second. . . .  

_. - ~ 

-. 

e .  

Fhe roaket  engine w a ~  mounted v&icaUy on 8 44-inch-lang, 12-inch- 
diameter standpipe connected by a 6-inch-diaeter e e ~ e ~ 1 1 3  s t ee l  pipe t o  I 

a 1500-cubic-foot cylindrical  tank  that 'oould be evacuated t o  an HXA 
stand& pressure  altitude of about 100,000 feet. , 'phis alt i tude tads 
and acceersories have been deecribed  previously  (reference 8). 

. "" 

Beginning with r u n  57, the 'propellant tanks were immemed in a 
constant-tmqerature  alcohol  bath contained in a tank welded directly - 

t o  the injector head  (figs . 3 and 4) . The temperature of the bath was 
aclcurately asd autamatically  controlled by meaae of a dual heat- - 

exchanger and blending  syetan. Any desired propellant  temperature in 
the range f'rcan -95O ta llOo F oovered in  this  investigation was obtained 
within twenty minutes after 8"ting the circulation pmg in  the system. 
A mixture of dxy ioe a d  denatured aloohol and electrically heated  water 
-re wed in  the cold and hot  heat exch,an@;errr, respeotively. 

: - 
n- 
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Imtrumsntation 

(4) Temperature of fuel,  oxidant,  injector head, canatant- 
temperature bath, nozzle plate, Etnd d i e n t   a i r  

( 5 )  Tlme between the entries of t h e  t w u  jete  into the cambustion 
chamber 

The combustion-chamber preeeure was &wured and recorded by a oalibrated 
Bourdon-tube-type etrip  chart   imtrumnt having an accuracy af +s pounds 

calibrated Bourdon-tube-type gage and recorded by the operator  just 
before firing. Thie gage had an accuracy af 2 percent of full ecale 
(600 lb/sq in.  ) . Begiming with run 133, photographs were taken of this  
gage about 3 second6 before the solenoid  .valve opened. The altitude- 
tank preseure waa measured by a diaphrw-tme  absolute preeeure g q e .  
Copper-constantan themcougles were used for  temperature measurements. 
Propellant  t4mperaturee were measured ne= the centers of the  tanks. 
Themcouplee were Imbedded I/=& inch into the injector head and nozzle 
plate. The air temperature W&B msasured ne= the engine assembly. The 
locations of the thermocouples are Bhown in  figure6 2 and 3. The tarper- 
atures were  measured and recorded by a calibrated self-balancing poten- 
tiometer  with an accuracy of ?lo F. 

.? per square inch. The propellant  injection  presswe waa indicated on a 

d 

The action  within the cambu&ion  chamber was photographed i n   e i l -  
houette by a 16-millimeter  high-speed camera with a built- in timing 
l ight and w i t h  a maximxq speed of 5000 framss per eecond.. The required 
l ight w a 8  produced by a bank of flood lampa focused on a white back- 
ground with  the reflected light pmsing through the Garribustion  chamber 
and into.  the. camera lens. The photographic installation can be Been in  
figure. 2. 

." 

propellante . 
Eight  fuels, pure o r  blended, and ten  nitr ic  acid oxidants were 

wed i n  18 propellast combinations in this  inmetigation. AnrtlyBea of 
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the nit r ic   acid oxidants are given in table I. Fhyeical  properties of 
the fuels and important  oxidants are l i s ted  in tableer I1 and 111, 
reepectively. The oxidante are  coded In the  tablea  for convenient ref- 
erence. The first nm&er after the ac id   i d i ca t e s   i t a  approximate water 
content by weight. The second number, if used, is t h e  NO2 content. 
Additives w i t h  corresponding weight  percent are enclosed in  brackets. 

. .F I- 
" 

. -- I. ." . .  

.- 

The following fuels  were uaed: - - -  II) 

(1) c h d c a l l y  pure &line . . . - - . . , _ .  - - .1 - - . - - co 

(2) aqueoue solutions aP hptrazine approximating the comgosition of 

- a  
I& 

. .  . . .  
hydrazine hydrate (two solutiollfl) 

(3) furfuryl aloohol . ... .". 

(4) cammercial guDl turpentine . .  

(5) furfuryl mercaptan ". " 

(6) a mixture o f .  50 percant mixed xylidines and 50 peroent 

I 

triethylamine (by volume at r o m  temperature) 

The hydrazine hydrate solutions w-ere prepared by a celculated 
amount of d i s t i l l ed  water t o  hydrazine solutions analyzing approximately 
92 percent  hydrazine (by w e i a t ) .  The mixed XylidineB wed in  the fuel 
mixture preparation was obtained from the (3actua  Ordnance Worke. !l?he 
diallylaniline was furnished by the  California Research Corporation 
through the Bureau of Aeronautics, Department  of the Wavy. 

. .  . 
" 

. - ". 

" 

The n i t r i c  acid oxidants  included red ni t r ic   acids  (RFNA), 
white fuming nit r fc  acida (WFNA), a i t e  fmhg nit r ic   acid  with additiveer, 
& anh;gdroue nit r ic   acid.  Beveral commerallal l o t s  of ChemioalQ pure 
red fuming nitric acid presumably saturated w i t h  NO2 Were wed. 

Analyses revealed that the NO2 content actually varied from 20- t o  
35- percent by  weight (RFNA-0-20, €ETA-0-22, RFNA-0-25, RFNA-4-29, and 
RFNA-5-35). A low-freezing-point  acid ( m A - 4 - 1 6 )  w a ~ l  prepared by 
blending RFHA-0-20, RFfmA-0-25, anhydrous n i t r i c  acid, and water. The 
camponent acids were mixed and then cooled below -40° F. Water wae 
added t o  the acid ~lurrg. The mixture was agitated in  an encloeed can- 
ta lner  asd allowed t o  w m  up slowly t o  r o a n  taqperature to   y ie ld  a * 
clear hnmogeneom solution, Two of the white fuming acids met the 
USAF Specification Bo. 141g4 (WFNA-2 [lot a1 and M A - 2  [lot b] ) . 
WFNA-7 was more dilute.  Additives were used with WFNA-2 po t  a] in "- 

art effort t o  depress i t s  freezing point and shorten i ts  igriition 
delay wi th  fuels.. Potassium ni t ra te  was employed in  one-case 

. ." . _- 
it 

. .  . - - .. 
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(WFNA-8 [ 6-RNO3] ) and perchloric  acid  in  another (IECXA-11 [4-HC1041 ) . 
Nitric  acid  desimated as . w o w  in this  investigation  actually con- 
tained a small amount of water (atout 0.2 percent by weight). 

" 

Test Prepa32ations . 
The propellant tamh were l o a d d  and then  cmpletely sealed by 

W e r - t i n g  bur8ting dia" and cut thg   d ies  between t he  tank  bodies 
and end fittbgs. Equal ullages,  obtafned in  the propellant tanka when 
100 cubic centimeters of fuel and 195 cubic centimeters of oxidant were 
used, aid& attempts t o  inject  the propellants into W e  ccaribustion 
chamber slmLlltaneouBly. 

The rocket engine assembly w8.8 bolted together to a measured torque 
of about 400 pound-inches.  Spacers wound the bolts prevented heat 
distortion of the chamber durfng a run and consequent leaking. The pro- 
peUmt taiik;B were then screwed into the injector head and the helium 
inlet   l ines were comected t o  the tanks. 

J 
For all runs, the  propellant  injection  preesure wa8 450 pounds per 
inch gage. Although injection  pressures  higher  than  thfs mount 

vere  not used in thirj  investigation, other runs at lower pressures indi- 

beyond. which there w o u l d  be l i t t le   addi t ional   effect  on ignition delay. 
Two methcds were employed in this investigation to eupply the desired 
propellant  injection  pressure. . .fir I" 1-120, the eupplg reservoir 
was f i l l e d  to the proper preseure w-ith. helium fran a ccenmercial bottle. 
The injection  preesure remained essentially  conatant during a run, 
decreasing less than 5 pounde per  square inch f o r  the ent i re  run and 
about 1 pound per sqmze inch  during the imf t ion  delay period. For the 
remainder of the ~22118, the cammercial helium bottle waa permanently 
connected to the reservoir and a pressure loader kept the injection pres - 
sure canstant  before aZaa during a run. 

II cated that 450 pounds per square inch gage is near the maximum pressure 

Rune 1' t o  56 were conducted at roan temperature  without attempt8 
being made t o  control the propellant temperature. The remaining rms 
were made with close  regulation of the fuel and oxidant temperatures by 
means of a heat-exchanger system described previously. Beginning w i t h  
run 128 and only for runs below 32O F, a small flow of helium was 
passed continuously through the cqnbustion-chaaiber pressure  line dm- 
ing the  coollng period t o  prevent clogging by ice formation. The f low 
wes Gtopped j u s t  before each run. 

Far rune made at pressures  different fram sea-level, the large 
alt i tude tank 888 evacuated p r i o r  to flring by a rotating-oil-seal- 
type vacuum pump, which reduced the pressure correspondhgly in  the 
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exhaust standpipe aa w e l l .  as in the  rocket ccanbustion  chamber. The pres- . 

eure i n  the standpipe did -not change significantly d u r i n g  the  ignitioq . . .'. _ _  
delay  period. The i n i t i a l  pressureH are given in millimeters of mercury 
&8 well aa in. terms a of RAGA standard  pressure  altitude (references II 
and 12). 

. " 

. . .. 

Engine Operation - .  .. . 

After t h e  preliminary s t e w  were completed, the  actual  operation -gf 3 -  m 

t h e  apparattm WBB almost completely  automatic. The ent i re  sequenoe of 
events during a normal run was controlled by .a preset  electrical  program 
timer. 

" 

. .  

When tlie three-way helium supply valve w88 opened, the pressurized 
inert gae mpt- the  propellant tank diaphragms asrd forced  the  pro- 
pellasts  into the ccanbustion chamber. About 3 seconds later, the inter- 
i o r  of the vertical exhaust standpipe wa8 sprayed with water, quenchins 
the products of combustion a d  preventing, by dilution, any further 
chemical reaction. Upon complete ejection of the fuel and oxidant from 
the  propellant tanks, the engine a m a b l y  waa autcrmatically purged. by 
the ensuing  helium.  De-energization of the solenoid  controlling the . .  

helium valve cut off' the g a  flaw and vented the propellant  tanks t o  the 
atmosphere. . In cases 09 emergency, both the  water spray eystem and the 
helium eupply valve c o ~  be operated independent of the program tFmer. 

. .  . - 1  

.. . 

. .  

, .. .- 
L 
. .  

- ." 
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Interpretation of the HighSpee .Photographic Data . . .  . .. ". ." 

For the rune in  this  Investigatiop,  the camera speed ran@ from 
3000 t o  4500 frames per Becod., determined. frm argon-light .tFming mar- 
on one edge of the film. 

- .  .. . 

- . .  

. . .. 

M o s t  of' the were photographically a imflar. In all caeB,  the 
axact frame of the eatry of each Jet   into the cmibustfcsn chariber waa 
o l e a s l g  discernible. A t  t h e  mameIlt that the jete met, a copioue 
amount of dark fmea (probably  oxides of nitrogen) began t o  be evolved. 
These fumes quickly f i l l e d  the chamber a d  usually made it ccanpletely 
opaque. The ignition  point w m  Peterpllned, by the frame i n  which a 
sudden evoluticol of light occurred that encanpaseed about 1/20 to 1/4 
of the projected ohamber am. . I n  most runs, the  bright  area  increased 
rapidly and the normal comblustion pattern was established in 3 t o  6 
frames o r  about one millisecond. With certain  propellant cambination8 
a t  -40 F (for -le, run8 79 and 80), the  IGition  point x&8 diff icul t  
t o  detex" because the ini t ia lw  l ighted area w-aa small and f a in t  and 
the full cmbmtion  picture waa not  obtained for more than 40 milli- 

" 

. . .  

. . ._ 
. .  . 

. . "  
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The photographic  record of a t n i c a l  run (&n 11) is shown i n  fig- 
K m e  7. The oxidant jet entered the cambwtion &der i n  frame 7;. 

13.7 milliseconde later, m e  fuel Jet entered and Snteraected  the  oxi- 
dant stream (frame 65). Fumes were evolved and f i U e d  t h e  canbustion 
chamber. Tgnition  occurred in  frame 207, 33..5 milliseconds after the 
meeting of the  propellants. (Thia period is 'called the ignit ioa d-elay.) 
The pressure r iss acccmpanying i-i t ion purge& the cazdbwtion chaniber of 
daxk fmee i n  I millisecond and mrmal burning was established. Photo- 

0 4  
N grapb made in color ( m m ~  7 l  and 76) ehm that   the li&t recorded at  
2 the ignition polnt . iq actually a high-color-temperature light  emitted 

by the cambustion reaction  rather than conceivably the low-color- 
temper&ure reflected f lood light penetrating the chamber being clear& 
of fumes by a euaden nonlumlnoua pressure r i se .  

Same rune were designated BB "hmxl stark" or  "explosiom" .* A 
hard start was an excesslm pressure rim of shor t  duration, occurring 
with a loud report,  inmediately after ignition and w-ithout destroying 
the cclmbustion  chamber o r  causing  other damage. V i e u a l l y ,  it waa die- 
tinguiehable by the development of extremely bright I W t  that was photo- 
graphically recorded beyond the llmfts of the projected combustion- 
chamber area a d  .that persbted for about 6 milli~ecande before the nor- 
mal conibuetian picture waa .established. In  e m  cases,  escaping fumes 
indicated a m0mentay.y separation between the c d u s t i o n  chmiber and the 
injector head or nozzle plate. 3 

- All explosions that were encountered occurred. ordinarily lees tPlan 
7 milliseconde after w t i o n ;  the u f l u a l  deetruction of the  cmbustion 
chamber marked the explos ion point .  In r u n  55, an explos ion flexed the 
combuetian chamber w i t h o u t  destroying it but damaged other exbernal 
equipment. This may have been caused by pressure waves induced by rapid 
flexures of the combustion-chaniber wall. Since the development of a hard 
start and explosion are visually similar, an explosion mi@t be considered 
a hard start severe ezlough t o  destroy  the combustion chamber or cause 
other damage. 

. . -  . .  

An example of a ruzl resulting in  an exploeion i6  shown in figure 8 
(run 77) . The fuel ejltered the chanrber fn f'rk 6, . The oxidant fo l -  
lowed 5 milliseconds later (frame 24). After a delay of 43 milli- 
seconds, ignition occurred (frame ~ 1 )  . AII exploeion began t o  develop 
terminating in  the  destruction of the combustion chamber 3.8 m i l l i -  
seconds a f t e r  i g n i t i o p  (frame 195). 

EXSUTTS AND DISCUSSION 

Aniline and Red Fuming n i t r i c  Acid . 
The initial rune in this investigation were made t o  determine the 

effeote of low aibient  pressures on the?Lgnition delay of aniline and 
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red fuming n i t r i c  acid  containing 29 t o  35. percent NO2 (by weight) ; 
2 1  rune were conducted at tmperatures fxpq 88O F -  t o  300 F (near the 
freezing point of aniline) and from eea-level prwsure t o  a pressure 
altitude of 88,300 feet .  Of these, f i v e   t e d n 2 t e d  i n  explosions. The 
results of the-se  experiments are shown in  table IV. 

h 
.". 

.. "- " 

A p l o t  of the...data showing ignition. d e l q  a functlon of tempera- 
ture is sham  in  f igure 9. The dotted llnes ewelop"a1l~'rUns that  did 
not  result in an axplosion  or  burn-out;  the  solid line indicates an 
average for these P'ULIB. The deviation from the  averwe wag about 
2 milliseconde at any p&icular tempratme. For the normal  run^, the 
vasiation of ignition  delay wlth tampmature in   the  range cover.& i n  
these experiments varied frm an average of about 18 milliseconds a t  
84O F t o  about 36 milliseconds at 30' F; variations in initial timbient 
pressure from sea-level 'pre.eaure . to a pressure altitude of 88,300 fee t  
in t h e  temperature  range ~f 60 t o  8Z0 F no s i u l c a i t  effect on 
ignition delay. Of 10 runs a t  sea-level pressure, three reul ted  Fn 
explosions; of 11 rum at pressure  attitudes from 40,700 to 88,300 feet ,  
"O were terminated by explosiom. These results  indicate that low 
ambient pressme w-aa not %he det-emnining f a c t o r  a - c a u y ? ~  the engine 
failures. IKI s t d i e s  ~f the behavior & liquid streams infect.&  into 
a large low-prestrure chagber (reference 2), a marked P a n n i n g  or diein- 
tegration af the a t r eam occurred at ,pressures be lm the vapor pressure 
of the  liquid. It waa concluded therein that this effect may r e su l t   i n  
violent engine failure. A possible explanation of the  differences between 
the conclusions of r-eey-e 2-.aUd the  results  reppted  herein . - . is . as follows: 

.. .. 

" 
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The c a w t i o n  chamber of an actual rocket  engine 1s alnroet a 
to ta l ly  enclosed cylinder. The odiward diff'uaion of any accumulated 
vapors through the nozzle is rwtricted;  therefore, although the   in i t la l  
portion of the entering Cxxihnt mporizes  quickiy at lm~preeeures,  
ensuing portions ceaae t o  b o i l  becauee of me. rapid atta$nment of a 
t o t a l  ambient pressure greater  than the vapor pressure of the acid. 
Actually, a small amount of the entering  acid  continues to evaporate in 
order t o  replace  the amount lost  by diffwion through the nozzle.  In 
accord w i t h  thia  explanation, the results show no meaningful change in  
ignition delay between runs conducted at  eea-level preseure and rune 
init iated belm the vapor premmm of the axidant. Further acoord is 
given by results  that  indicate that the reduction of ambient preaeurels 
t ha t -me  already below the vapor pressures of the  propellants do not 
influence.  ignition d e w  any more s f&f icant ly .  T h i i  can be seen by 
comparing rune 45 and 54 (table IV) conducted at about 80' F a d  at 
pressure  altitudes of 50,700 feet  and 81,800 feet, respeotively. Both 
runa were init iated wlth the anibient pressure-beiow  the  vapor preasure 
of the oxidant and yielded iguition delay values differing by only one 
millisecond. 
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L In references 1 and 2, liquids were injected i n t o  a  large  vacum 
chamber that c-ot be o e a r e d  to a  relatively small rocket c h b e r .  
The photographs of reference 2 aharlng stream disintegration were taken 
almose Immediately eta the in jec t im was s t a r t & .  This disintegration, 
measured by the spray-cone -e, decremed with time ae the c-er 
pressure  increased. If a smaller chamber had been used and injection 
photographs had been shown following %;he initial. one, rapid spray cessa- 
t ion and subsequent n0m.m.I stream flow might have been perceived. This 
WBB, ahawn 6y the high-epeed photographa of rune 42, 43, 45, 52, and 53. 
For exmple ,  i n  run 45 ( a t  80° F and a  pressure  altitude of 50,700 fee t  1, 
t h e  oxidant preceded the fuel into the cornbustion chanib& by 26.3 milli- 
seconds . The acid  entered  the chamber 88 a very diffuse  spray but a 
normal sol id  stream w&8 established soon thereafter. ThFB tramforma- 
t ion is sham by the photographs in figure 10. The oxidant enter& the 
chamber in f ram 11 and a c-lg deflned j e t  had formed by the time the 
fuel entered (frame 121). Ignition o o c m d  In frame 204 after a normal 
ignition  delay of 19.7 mil lheconds.  The rapidity of the  transformatian 
would probably  decrease w i t h  an increase in cambustian chamber size,   uith 
an increase in throat mea, or  dth a  decrease in  oxidant flow. With a 
large enough chamber, a large enough throat area, or a small enough acid 
flow, the prediction- of engine . fa i lure   a t  low. i n i t i a l  &Lent pressure 
(reference 2) might be quite valid. 

-9 

With nitric  acid  oxidants,  another  factor that contributes to the 
rapld  establishment af a solid acid stream t~ the pressure rise p r d u c d  
by the oxides of nitrogen and by other gases t h a &  are evolved. soon 

by low-pressure run6 -i n  which diffuse acid  entered the combustion chamber 
and fnteraected an establhhed precedfng soli& fuel stream and in which 
n o m 1  ignFtion delays sti l l  w e r e  obtafned.  chemical reaction and t h e  
i e t i o n  delay period. starbed as soon aa the oxidant met the fuel. An 
example (run 44) i s  s h m  i n  figure ll. This run a t  69O F and a pres- 
sure alt i tude of' 74,700 fee t  resulted in a  delay of 23.5 milliseconde . 
The fuel entered  the c h d e r   i n  frame 16. The acid  entered 3.0 mill i-  
secands later (frame 28).  m e  ignition  point is seen i n  frame 122. 

a 

. .  the f u e l  and a i d a n t  meet b the ccanbuetion chamber. T ! h b  waa suggested. 

The discussion thus far has been restricted to n-1 m, that  
is, rum not result ing  in explosions o r  burn-outs. With one exception 
(run 49), all the abnormal run6 yielded valueg for ignition  delay  that 
were .4 t o  13 mill isecode longer than t h e  average normal values at the 
various  temperatures of the runs. The explosions of runs 46, 47, 49, 
and 50, and the burn-out of mui 56 occurred 0.6 t o  7.9 milliseoonb 
after  ignition.  me cau6es- of these  explo6ions.are unknown. It was 
observed that in the abnormal ru~l~l the  aniline preceded the  acid  into 
the  c&ustion chaniber wlthout  exception.  Neither the length of tims 
of this  precession,  propellant temperature, i n i t i a l  ambient pressure, 

an explosion. . 

* *  

. nor ignitfan del= period could be correlated with t h e  groduction of 
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A series of ruzllj x 8 ~ 1  made at sea-level pressure w i t h  hydrazine 
hydrate and wbite fming n i t r i c  acid (USAF .Specif'ic,atim ITo. 14104) t o  
determine its ignition delay and re l iab i l l ty  of ignltion at tanperaturea 
from 110' F to the lawest limit a? eerviceability. These propellants 
were tentativeu  selected as a s tar t ing conibination for an engine 
required to   ign i te  as low as -40' F (reference 13 1. In the d e v e l o p n t  
of the engine, sucaessful s t a r t s  were made in  a 50-pound thmmt engine 
down t o  -40° F (reference 9 )  . Another laboratory found that it was not 
p o ~ e i b p   t o  secure reliable  i@p$tim  data at low tanperaturee (-36O F 
t o  -58 F) with a similar ambination ( W A  and eutectlc hydrazine) used 
in  a smdl-ecaJ-e engine of 50 potmd thru8t (reference 3) ; however, more 
reproducible  ignition delwa were obtained at room tmperature. Quali- 
tatively similar results were  obtained a t  the Lexis laboratory. 

Fourteen runs were conducted a t  temperatures frm 110' F to -41' E-. 
at sea-level  pressure. Except f o r . r u n  79, a l l   t e s t s  were made with 
hydrazine hydrate [ l o t  b)  and W A - 2 -  [ l o t  b] . The propellants wed- 
i n  run 79 were very shl lar  in analyzed. campoeition  (hydrazine  hydrate 
[ l o t  a 3 and "NA-SI [lo% b 1). The reaults of these experFmsnta are 
eham in table V. A plot  of ignition delay agaimt temperature le  sham 
in figure 12.  The dotted linee enclose a l l  the runs; the solid line 
indicatee. the average values . Iche ignition delays ranged from an aver- 
age of 16 millieecnrda at l l O o  F t o  apprmimately 146 milllseconde at 
-40' F. The reproducibility vazied from about kl mil l ieecod~ at U O 0  
t o  about j35 milliseco& at -10' F t o  even larger vmiatiom at lower 
temperatures.  1Gith-n delays of t h e  runs &e at -1-0' P were greater. . 
than 50 millieeconds. Run 149 a t  -39' F resulted in exploeion that" 
followed an extremely long ignition delay (> 631 millisecOnas), and 
r u n  79 a t  -41' F ylelded an inordinate delay of l31 milliseconde. For. 
the l a t t e r  run, the ignition point waa diff icul t  to determfne and the 
f u l l  combuetion patterm did  not develop un t i l  more than 40 milliaeconde 
a f t e r  ignltim. 

". 

- . " 
.. ." 

Several Fuels ui th  Various N3tric Acid Oxidants 
. .  

" . .- . 

In an effor t  to Sind a propellant combiqation that would have sat- 
isfactory  ignition  characteria3ics  at least .as 1 o w - a ~ .  -400 F-, 8 series" 
of experiments was conducted in which eeveral fuels. were t r ied with 
various n i t r i c  acid Sidants excluding m i x e d  acid. 

- - . . - - - 
."  

- . . .  . -  . . ." 

. .  " 
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* A t  sea-level  pressure, 23 rum were conducted ut i l iz ing 6 fuels and 
5 oxidants in 13 propellant ccplibinatims. All runs were made at about 
-40° F with one exception (run 67 'at -750 I?). The results of these 
axperimente are shown i n  table VI, 

Anhydrous nit r ic   acid was tried with chemically pure furfuryl 
alcohol ( rum 68 , 69, and 73). A l t h o e  i m i t i o n  delay data were 
a c t u d u  obtained for on- one r u n  (no camera t w  marks f o r  t h e  
othersj, superposition of the films f r o m  $he three runs indicated . 
sirnilax delay periods . The measured delay for mzn 73 was 54 millimconde. 
The iep i t ion  point w a ~  obscure,  followed by a slW developmsnt of the c m -  
bustian  pattern (15 mill%moon& long). After each run, ob jectionably 
large amounte of blaok oarbon@ceoue caibwtion  proitwts ,were found depoe- 
i ted in t h e  ccrmbuetiarr  chamber. 

Turpentine, which has iwit ion  propert ies  that are excellent with 
mixed acid (reference 8) but poor with WFNA (reference 71, was tested 
with -US nit r ic   acid at -40° F (r~n 85). Ignition, after a l ong  
d e w  of 75 millieeconds, was foLlowed in 1/2 millisecond. by &z1 a p l o -  
sion. No additional runq were attempted. 

A comparison of anydrous nit r ic   acid and hydrazine hydrate [lot a] 
with WNA-2 [lot  af and hydrazine hydrate [lot a] at  about -4Oo F is 
Shawn by rum 80 and 79. The delay with the anhydrous acid (48 milli- 
seconds) was much shorter than the delay with the w h i t e  fumhg acid 
(131 milliseconds). The ignition  point was indefinite and difficult t o  
determine in  each case. 

Since both the furfuryl and mercapto groups appear t o  enhance igni- 
tion characterietiw, combination of the two Tn a single  fuel such a~ 
f urfuql mercaptan seemed prani6lng. A t  -4l0 F , fmf'uryl mercaptan wlth 
WFRA-2 [lot a] had an ignition delay of only 23.4 mfllie econdf3. With 
ashydrous n i t r i c  acfd, it waa even less (17.4 milllseconde 1 . Beeides 
short ignition delays, other admmtages in the use of this f u e l   l i e  in 
i ts  low init ia l   f reezing point (<-ll2O P) and i ts  low viscosi ty   a t  low 
temperatures. A disadvantage is the objectionable  residue found depo- 
sited in t h e  conibustion chamber a f t e r  every run.' The amount, however, 
is not as coplaze as that resulting frm the we  of fUrf-1 alcohol. 
Other disadvantages of the  fuel are its present hi& cost and. a very 
strong and die weeable odor. 

The mixed xylidines  fuel was diluted with triethylamine to reduce 
its viecosity at low temperatures  (table II) . This f u e l  mix tu re  was 
tested wfth several n i t r i c  acid oxidants aa foll-:. 

One mn (run 67) WBB made at -750 F w i t h  W A - 8  [6-Kmo3] , which is 
W3TJA-2 [lot a] t o  wbich potassipm nitrtite and w a t e r  were added t0 
depress its freezing  point to -96O F. After a long ignition delay 
(p 262 milliseconds), an explosion  occurred.  Photographic views of the 
damge are shirwn i n  figure 13. 
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Five  resulting  in  ignitions mre conducted at about -40° 2 
with anhydrous a t r i c  acid (runs 70, 71, 74, 78, and Sl}. m stmts, 
indicated  audibly and by photographic data,, o c c m d  in  two  of the  ~une  
without any resu1"nt- damage ( r u m  70 and 81). The average ignition 
delay for  three of the luna was 35 mi13iEIeconds. No film .speed tFming 
mka were obtained for the -other two runs. Three rune were &e with 
the same fuel and WJPmA-2 [ lo t  a]. One (run 72), without t- mlm, 
reedted in  ahard start. Ths other two (rum 76 and 77) had average 
ignition delays of 42 millisecOnae f o l l m d  about 4 .milliseconds l a t e r  
by explosiuns . ErperFments with a n  open-pug-type e;ppaza.%u (reference 7 )  
with anhgdroua n i t r i c  acid and WFITA-2 [lot  a] yielded alrnoet identioaJ. 
values of ignition &day.. One run wae made with WFMA-7. After an 
extremely long delay of 423 milliseconds, ignition occ rred, f o l M  
3 m.illbeconds later by an exploeion. 

A disadvantage of the mixed-xylidines - triethylamine mixture is 
its rapid increase in Viscoeity below -40° F. A more promieilig fuel 
WBB diallylaniline,  also  diluted by triethylamine to reduce its vimoa- 
i ty .  This mixture, tested at -40° F with both anhydrous nitric acid srnd 
WFNA-2 [lot a], yiesded excellent results. Two rum w?th WFNA-2 [ lot  d 
(muls 90 and 91) had d e w  of 17.0 and 16.3 m.illisecond.8, respectively. 
The i x o  rune made .with -anhydrow nitrcJc acid (runs 87 and 88) gave igni- 
tion delays of 13.5 enii 14.7 milliaecoda,  reepeciively.. . . " . 
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White Fuming Nitric Acid 
. . -  

In the search far a suitable ignitor fuel far me with  the ~ ~ l i n e  
and white fuming n i t r i c  mid combination, the aidulaniline - t r ie thyl-  
amine mixtut-0 w-aa se i i c td - l f  o r  & Eiaditional Series of' rum .with  white 
fuming n l t r t c   a c a   t o  determbe ignition-delay  temperature-preasure 
relationships with temperatures down t o  .!&e lowest llmit of serviceabil- 
I t g  af t he  acid. 

. .  . 
" 

. .  . -  - .  " ". 

. . . ." 
- "  

At tmperatures from Illo B t o  -60° F, 37 r u m  were conducted. O f  
these, 18 lune were made at sea-level .preesurs and t h e  remainder at pree- 
sure altitudes of 77,400 t o  88,300 feet .  'FoUr-i%kki r e e u l h d  in  exploeiom, 
all a t  low i n i t i a l  ambient preeeuree. The resulte of these experiments 
are shown in tab le  VII. A p l o t  of ignition delay againet temperature c 

at the variotm pressures iEI shown in figure 14.' With two exceptione, 

t 

. . -  

. . . .  . . - - -  ." 
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the  dotted lines enclose a l l  r u m  that did not resul t  in an explosion; 
the sol id  line indicates an average for these runs. - 

For the normal runs, the  i-ition delay varied frm an average of 
abogt 9 mtl l i s ecom  a t  UOO F t o  apprax*teu 22 milliseconds a t  
-50 F, regtxdless 00 i n i t i a l  am3ient pressure. As in the other mum 
with nitric  acid discussed prevlousu, the low pressures of high alti- 
tude did not d f e o t  the values of ignition delay obtained at   sea-level 

N 
I+ 
ED 

w pressure. 

Three of t h e  four rune that resulted. in explo%icm,s ( r u n s  113, 116, 
and 121) had delays that were about 3 t o  5 milliseconds longer than the 
average value at  the  .tmperature of .the . In each of these rum, the 
oxidant preceded the fuel in to  the cambuation chamber. The f o u r t h  run 
(run l24) had an ignition delay that w a ~  in the normal r a g e .  In this 
run, the fuel entered t h e  cambustion ch-er f b e t .  

A l l  runs conducted at-  -50' F were made below the init ial  freezing 
point of the.acid.  Ignitions were obtained in a l l  cases. The acid 
was ei ther  supercooled or, ip the initial freezing p o i n t  had been 
attained, the  precipitated  crystals in the  acid  solbtion  did not inter- 
fere with  the flow by clogging the  injector  holes. One run w a s  made 

was  obtained after a delay of Lo2 m i s e c m d s .  A copious semisolid 
slurry of ni t r ic   acid  crystals  and saturated solution found i n  the 

been caused by a high-water-content mother liquor belng  ejected  into 
the combustion chamber. 

- at -60° F (run 125, not sham in figure 14) .  An audibly weak ignition 

.L acid tank after the mu indicated that the poor performance may have 

Diallylaniline - Triewlamine Mixture a d  Specfal-Blend. 

Red Fuming R i t r i c  Acid 

Although the diallylaniline - triethylamine and white fuming n i t r i c  
acid c d i n a t i o n  w m  found t o  be satisfactory d t h  respect t o  ignition 
delay down t o  the freezing point of the acid,  a"fue1 and oxida& were 
sti" needed that would ignite spantaneouely a t   a  preseure a l t i t d e  of 
at hat 45,000 feet end a t  tempmaturea 88 low as -95' F. A seriea of 
runs wae conducted with the did ly lan i l lne  - triethylamine mixture and 
a low-freezing-pobt  acid  ubtaind by mixing several n i t r i c  acids and 
water (RFNA-4-16). 

Eighteen ~.uns were made a t  temgeratures. from 110' F t o  -95' F. With 
two exceptions, all runs were carried out at ~ea-level pressure. One low 
pressure run WBB made a t  each end of the temperature range, serving 88 - checks for poeeible  pressure e f f ec t s  on ignition  delay. R u n  140 (llOo F) 
was conducted a t  a p~essure alt i tude of 82,500 fee t  and run 133 (-95O F) 
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The acid wed In these run8 . I s  e w i u  .gupqcoq&& a+ d-lfficult t o  
freeze. All r u l l ~ l -  conducted bel& -88O F, the i n i t i a l  f r e e z b g  point of 
the oxidant, were probably made wlth the acid. in .a Bupercooled atate. - .  . 

Effect. on Ignition Delay of Variations in  Time between 
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H e c t  of W&er armd NOz Content of Acid on -tion Delay - 
Anaukis of the data f'rcan the experiments ylelas Bane information 

on the effect of water and DO2 content of the  acid on ignition delay. 
For most of t h e   run^ in the aniline eerics, red fuming nit r ic   acids  
from two lots were wed without distinction (=A-4-29 and m-5-35). 
In the partiaular NO2 range of' 29 to 35 percent, the 6-percent varia- 
t ion in NO2 content of the  aoid had no significant effect on ignition 
delay a~ seen in figure 9. In tliese teste, the water omtents af the 
two acids were eesentially t h e  E-, differing by less than one percent. 

In the experlmente at -40' F w%th anhydrous nit r ic   acid and white ' 

fumFng nit r ic   acid w i t h  various f 11838, longer  ignition delqy-s were 
obtained w i t h  the  white f-ng acFd than WLth the anhydrous acid in 
every case, as e h m   i n  the follawlng table : 

Fuel Average ignition  delay (millieeconds) 
Anhydrous. acid 

0.5 percent NO21 2.5 percent NOz) 
(1.8 percent H20, (0.2 percent  H20, 

WPNA-2 Bot g 

! 
1 

'I 
! 
I 

~ y d r a z  ine  hydrate [lot a] 
Mixed xylidines - 131 48 

triethylamine mixt;ure 35 42 
Furfuryl mercaptan 
Diallylaniline - 23 17 

triethylamine mixture 14 17 

The longer d e w  with t he  white funhg acid may have been due either 
to the  Larger  water content, to the smaller NO2 content, or to both. 
W i t h  the mixed xylidines - tziethyLamine mixture and several n i t r i c  
acids (runs 74, 75, 76, 77,. 78, and 81 of table VI), the ignition  delay 
increased wlth an Inoreme In water content and a  simultaneoue  decrease 
in  NO2 content, ae e h m  in figure 16 &ere ignitim delay is p lo t ted  
against water content. .md .the No2 content of eaoh acid i0  d o  indicated.. 
Although vaia t ions  in  T70, content in  the aniline eeries did not affect 
ignition delay, the E- statement cannot be made for  these cBseB became 
the NO2 Vaxiations are in a dfff erent range. The eff e c h  of' the two 
variables,  therefore, c a o t  be evaluated separately for them c d i -  
t i o m  frm the available  data. 

I Ignition delay determinations of several fuels with nitric acid 
L oxidants were made at simulated altitude  canditione  utilizing a small- 
I scale  rocket  engine of' approximately 50  pound^ -t. The resulte are  

t 
..I 

I 
! s m i z 6 d .  as f o l l m :  
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1. With chemically pure anilFne ash red fuming ni t r ic   acid (29 t o  
35 percsht NO2 by weight),  the  ignition  delays ranged from an average 
of about 18 milliseconde . a t  84O.F. to about 36 milliseconds a t  30' F. 
vmiations in WtM ambient preesure fro& se&-~~Gi prei36ure t o  a 
pressure alt i tude of 88,300 f e e t  f o r  tanperaturee from 60 t o  82O F had 
no significant eff eo% -011. ignition delqy. Five explosions occurred, the 
fue l  precedtng the axidant into the ccadb&ti% & & i i i e r - ~ 5 - ~ e v ~  c a d .  "- 

W i t h  one exception, ignition delays af these abnoim&l rUne were 4 t o  
13 mill3.6econda longer than the .average normal values at the  temperatures 
of the rum. .i. : - :. , .. . 

2.  Acid ejected into a rocket chamber 6% low initial preesurels 
changed rapidly from a spray into a so l id  stream because af a pressure  
rim above I t 6  vap0.r. preeewe. The presstu;i, r i s e  %a6 probably cawed - . 

by vaporization of the ox idat  EL& e,mysUtiop af . i n i t i a l  . .  reaction game. 

3. With hydrazine  hydrate and white f d n g  nitric  acid the igni- 
t ion delays ranged from an average of 16 nilliS0cwd.s at 110 I 3  F t o  
approxha-bely 142 miUbecondE1 a %  -40' F. One explosion occurred at 
-39' F. 

. . . . . . . . . . . .. 

4. Several fuels  and n i t r i c  acid 0xidaS.s were screened. at  sea- 
level pressure &, with one exception, a t  about -40' F. The data  are 
smunmizea in ~e fallaxin@: table: 

. .  . - .. .- 

" cn 
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Fuel Total Average  Ignition Oxidant 
D e l a y  number 

(rtKUieecande) of rum 
Furfuryl alcohol 3 54 Ad@rous nitric 

Turpentine . Anhydrous nitric 

triethylamine 
mixture 

.triethylamine 
m i x t u r e  

triethylamine 
mixture 

acid. 

mixture 
triethylamine 

Mixed  xylidines - 1 423 =A-7 

Diallylaniline - 2 14 Anhydrous nitric 

Diallylaniline - 2 17 WFHA-2 [lot a] 

aConauoted at -79 I?. 
bNo ignition. 

~ l o e i o n € I  

1 

1 

2 

1 

The combination that ignited most rapidly was a didlylaniline - 
triethylamine mixture and anhydrous nltric acid, yielding as average 
*ition delay of about 14 millieecondB . 

5. With a mixture of 57 percat diallylaniline and 43 percent 
triethylamine (by w e i g h t )  md white fuming nitric acid, the iguition 
delays varied from an average of akout 9 milliseconde at llOo F to 
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approximately 22 milliseconds at -50° F, regmdleee of initial ambient 
pressure vaxhtions From sea-level pressure t o  a pressure  altitude of 
88,300 f eet . Four resulted  in explosions. 

. .  

6 .  With a mixture of 57 percent  diallylaniline and 43 percent 
t r i e t h y l m b e  (by might)  and red fuming n i t r l c  - acid containing 3 -5 per- 
cent  water and 16 percent nitrogen dioxide (by weight), the ignition 
de- varied frm an average of about 13 milliseoonds a t  llOo F to 
approximately 55 milliaeconde a t  -95O F, r e g d l e e s  of Ini t ia l  ambient 
pressure  variatione from sea-level pressure t o  a  preeeure  altitude of 
93,600 fee t  . All rtlne resulted in e a t k f  actory starts; no expl08i0n~ 
were experienoed. 

. .  

. .  

N 
CA -*  
u3 

" 

7 .  In a l l  the exgerimsnts, wide variatione in tlms between pro- 
gellant  entries  into the ocnnbuetion chamber had m apparent ef'feut 011 
ignition  delay. 

8. With aniline and red Rrming nitl?ic mias with 0880Iltim 
equal water contents, a variation i n  the Ne content of the acid from - - 

29 t o  35 percent had no significant effeot on ignttipn delay. W i t h  
other fuels and n i t r i c  acids, a decrease fn tple NO2 content from 2.5 
t o  0.5  percent accomganied by a eirmxltaneoue inoream i n  the water con- 
tent  from 0.2 t o  1.8. peroent  increased the ignltion delay. 

- . -3 
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TABLE  I. - ANAIYSES OF MTRIC ACID OXIDANTS 

m - 0  -20 

RFNA-0-22 

RFNA-0-25 

RFNA.-4 -16 

RFNA-4-29 

M A - 5  -35 . -. 

WFNA-2 [lot a] 

WFNA-2 t l o t  b] 

WFNA-7 

WFNA-8 [ 6-KEJO33 

WFNA-ll LC-HC104 ~ 

Anhydrous 
n i t r i c  acid 

b'fAIlhydrou6 
n i t r i c   ac id  - - 

%y U f e r e n c e  . 

I Percent by weight I 
80.7 0 19.5 

154,156 0 22.0 78.2 

74.9 0.2 24.9 

126-143 3.5 16.0  80.5 

'79.9 

152,155 
4.3 28.6 67.1 d L42-651 , 

'3.6 '16.5 

72,76,77,79,[ 97.7 1.8 0.5 
03,89 -125 

144-l51,l57 - 1.9 0.7 97.4 
160,165 

75 93.0 0.2 6.8 

67 

I 

'85.9 

~~ 

mo3 
67 '85.9 -'0.4 '7.7 

'6 .O 

84 '85;U 'Je0;4 '10.5 ' 

'4.1 
84 

68-71,73,74, 
78,80-82, 
85 -88 

c85 

97.3 

97.1 

I mo3 I 

bused in the preparation of RFRA-4-16. 
%alculated. . "  . 

h N A - 4 - 2 9  and RFNA-5-35 used Fn bracketed runs without distinction. 
eColorless  8olution.indicatd NOz reaction-with HC104. 

. .  

. " 

. . - . -  

. .  
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TABLE 11 - PHYSICAL PROPKRTIES OF PWLS 

1 fMixed xylidines - 67,70-72, 1.01 1.40 1 7 , m  90.91 aoo c -112 0,875  0.928 
triethylamine 74-m,aI,a4,06 
mixture, 

gplallylaniline - 87-143 
t r i e t h y l u e  
I J lX turE  

&Extrapolated. ' W  
bcommercid gum turpentine. 
CAotually  aaalyeed aa 64.2 peraent  hydrazine, 35.6 peraent  water, and 0 .2  percent ammonia 

'Actually  analyzed as 65.3 percent hyclrazine, 34.7 percent  water, and 0.0 percent ammonia 

%sed i n  preparatlan of fuel mixtures.  
f50 percent mixed xylidines and 59 percent  triethylamine (by  volume a t  room temperature). 
g57 peroent  diallglaniline and 43 peroent  triethylamine (by weight).  

.81 , 0.903 0.451 < - U P  47 '14.5 5.81 1.06 

(by weight). 

(by weight). 

N w 



. . .  

I 
m - 0 - 2 2  1.695  1.5978 -74 . ""- 14.5 5.40. 0.951 0.730 

I I I I I I I I 1 mm-4-16 I 0.724 I 0.953 

l~;~[lcjt b] I 0.437 1 0.534 
0.554 0.709 

6.04 

10.56 

2.32 

2.01 

3.42 

17.8 1.5577 -88 b70.0 

40.5 1.5784 c"- 238 

"" ""- -46 

-47 

1.4975 

1.4863 -69 "-e- 8.3 

1.5043 "" "_" 

- 
1.680 

1.602 

1.606 

1.588 
I 1 I I I 1 I I 1 I 

WFNA-8[6-KsrOs3 1 0.755 1 1.01 I 7.61 I 26.0 I 128 1.5250 -9 6 
L I 

WFNA-LL[4-HclO~] 

-45 ""_ ---- 2.09 0.555 0.452 AnhydrOUE 

-91 b20.2 9.4 3.91 0..786 0.609 
e 

n i t r i c  acid 

aExtrapohtd. 
~Sltpexcooled. 
cSupercooled to approdmately -170' F nithout freezing. 

. . .  , 
,I ! .  
! 

I .  

* . . . .  ' . . .. '.. . .. . 1.: ' . . . . 

1.5075 

ma ': * I. 

. . . . . - . . . . - .. . . . .. . . . . . . . . 
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.m 
:tWcOn 
rt euba.se 
It0 eMP- 
wtlon 
mbcr  

l e o o ~ s )  
(ailli- 

l . 2  
14 .o 
51.2 
1 . 3  

18.1 
44.1 

2S.6 
.3 

85.6 
10 .o 
75.2 
1 .7  
5.0 

I 
81,6M) 

0 
81 800 so: 7 0 0  

760 
19.2 

19 .O 
84.6 

72,200 
40,700 

0 
0 

72,400 
0 

89,20D 
0 
0 

=.e 
8E.6 

7M) 
760 

760 

760 
760 

so. 0 
35.0 

74,700 
82.800 
88,300 

0 
0 

Bo. 100 
' 0  

28.8 
76.3 
14.0 

760 
760 

760 w.s 

266 
286 

'153 
282 

243 
298 
m 

40.8 
3.0 

57.8 
37.7 
30.6 

3.1 
6.9 

24.2 0 - 780 - so - '216 



0 192 2.6 21 2 0 .  

' 235 2.5 21 a0 . 2s 
20 20 54 61 (IxldMt 7.8 

24 , 5 3  85' Fuel 3.0 , . , 

29 -6  
50.1 

- 2.3 
2.4 .-IO -9 -9 

-10 -10 -7 
-4 51 62 Buel 6.8 59.5 
-10 60 Fuel :.g. 104.7 

muel ..6 70.2 
-8 -9 60 . .  63 Qxldant .5 54 -4  

2.2 -10 -9 -9  -10 ' 56 E: 
~ 2.2 -10 -10 

-39 -39 -39. -40 48 80 e 
-41 -83 -37 -41 55 58 Ihidant. 22.4 

<0.3 *>631 
130.7 5:; 
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111 77 

110 78 
113 1 72 

7.8 

10.9 
10.6 

10.2 
11 .a 

1 13.8 61 

_" "- 
" 

HSS 
3.5 "- 

wdant 1.0 14.2 
14.6 

-9 48 55 OxMnnt 1.1 
-10 57 64 "t, 1 . 5 '  19.2 

17.7 

-8 81 M midant 1.0 .15.5 

49 CulbMt 

4 9  
-41 
-sB 
4 9  
-41 
-41 

0.7 I 18.0 

-48 
-55 
-47 
-50 
-cB 

-I 

" 

W 
52 
53 

64 

54 
51 

53 
58 

23.5 

1.6 24.4 
2.2 al .4 

w 

I 

I 
II 
. .. 

I 

. . .  . .  - . .  . . . . . . . 
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I I 

. . . . . . . . - ' L b d  
. . , , .. .. . 

I 1 I 

t !  1 ' '  

199 110 
140 110 

0 760 Z31 
82,600 la.6 ' 2S1 

2.7 
2.3 

110 109 

142 79 0 760 
158 .M) 0 780 

228 2.7 79  79 
257 2.7 

0 760 264 
90 49 

e.0 el 19 

137 -9 
138 -40 

0 760 
0 760 

258 2.6 -9 -9 
24Q 

326 -4l 0 700 274 2.8 -41 ' -41 
2.7 4-40 

110 110 

141 20 

-80 -61 

-69 -71 
-5Q -60 

-80 -BO 
4 9  -71 

0 760 
0 780 177 3.1 

0268 2.9 -90 -90 

0 780 
0 760 2S6 2.8 

2 s  3.0 
-93 -98 

05,600 10.8 250 2.8 
-93 -96 
-96 -96 

-eo -90 

Temperatures 

L"Yk Injector Con- 

111 
110 

111 I 109 

27 
51 

28 

-6 -9 
-36 I -39 -38 -41 

-68 -57 
-64 
-61 

-88 
-6s 

"80 
-79 -81 

-61 

88 78 , (Mdant 
71 I 81 . I Fuel 

42 Oxidant 

i 

ntq oon- aioonas) 
uat ion 
hnaber 

(mi1.U- 
seoondn) 

I 
1.1 W . 6  

7 j "p - I  22.5 

28.9 

.6 I 5 9 . 4  

. 
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Variable-pressure 
rocket exhaust 
receiver . . . . 

t 
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Figure 2. - Ignition delay apparatus. 
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Propellant injector plate=-: 
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Temperature, OF . 
Figure 15. - Ignition delay of 57 percent dlallglanlline and 43 percent  triethylamine (by 
weight), and red fuming nftrlc acid contcrining 3.5 percent  water  and  16  percent nitrogen 
dioxide (by weight). 



Figure 16. - Effects of.. water and lT% contents of nit r ic  acid on' 
ignition delay of he1  contaMng 50 pacent  triethylamine . a n d  - 

50 percent- mixed xylidines (by volume) at -40' F aDi sea-level 
pressure. - 

II' NACA-Langley - 1-9-61 - 376 
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